Haloarchaea (class Halobacteria) live in extremely halophilic conditions and evolved many unique metabolic features, which help them to adapt to their environment. The methylaspartate cycle, an anaplerotic acetate assimilation pathway recently proposed for Haloarcula marismortui, is one of these special adaptations. In this cycle, acetyl-CoA is oxidized to glyoxylate via methylaspartate as a characteristic intermediate. The following glyoxylate condensation with another molecule of acetylCoA yields malate, a starting substrate for anabolism. The proposal of the functioning of the cycle was based mainly on in vitro data, leaving several open questions concerning the enzymology involved and the occurrence of the cycle in halophilic archaea. Using gene deletion mutants of H. hispanica, enzyme assays and metabolite analysis, we now close these gaps by unambiguous identification of the genes encoding all characteristic enzymes of the cycle. Based on these results, we were able to perform a solid study of the distribution of the methylaspartate cycle and the alternative acetate assimilation strategy, the glyoxylate cycle, among haloarchaea. We found that both of these cycles are evenly distributed in haloarchaea. Interestingly, 83% of the species using the methylaspartate cycle possess also the genes for polyhydroxyalkanoate biosynthesis, whereas only 34% of the species with the glyoxylate cycle are capable to synthesize this storage compound. This finding suggests that the methylaspartate cycle is shaped for polyhydroxyalkanoate utilization during carbon starvation, whereas the glyoxylate cycle is probably adapted for growth on substrates metabolized via acetyl-CoA.
Introduction
Microbial life exists over the whole range of salt concentration. Halophilic archaea of the class Halobacteria (haloarchaea) live in concentrated salt solutions and belong to the most important microbial habitants of saturated brine environments such as salt lakes or salterns (Oren, 2002) . Their environment is photic, (micro)oxic and rich in organic nutrients, which determines them as aerobic (photo)organoheterotrophs. It is commonly anticipated that the ancestor of this highly specialized group was a strictly anaerobic, chemolithoautotrophic methanogen. Its transformation to haloarchaea, which we know today required a lateral gene transfer on a massive scale (Kennedy et al., 2001; Khomyakova et al., 2011; Nelson-Sathi et al., 2012 . Therefore, haloarchaeal metabolism combines mostly laterally transferred, aerobic heterotrophic pathways from Bacteria, with some vertically inherited features of the methanogenic ancestor.
Many substrates enter the central metabolism, both its catabolic and anabolic branches, on the level of acetyl-coenzyme A (acetyl-CoA). Examples are acetate, fatty acids, alcohols, amino acids like leucine and lysine as well as the intracellular storage compound polyhydroxybutyrate. Acetyl-CoA catabolism proceeds usually through the tricarboxylic acid cycle, which provides reductant and, together with the respiratory chain, energy for biosynthetic (anabolic) reactions. Assimilation of acetyl-CoA into cellular building blocks (for example, oxaloacetate, 2-oxoglutarate, pyruvate, phosphoenolpyruvate) requires a dedicated anaplerotic pathway. Methanogenic ancestors of haloarchaea probably carboxylated acetyl-CoA in a ferredoxin-dependent pyruvate synthase reaction, as modern methanogens do (Fuchs and Stupperich, 1980; Fuchs, 2011) . The functioning of this reaction in carboxylation direction needs a highly reduced ferredoxin pool that may be sustained only in anaerobic conditions (Fuchs, 2011) . Aerobic haloarchaea gained two anaplerotic acetate assimilation pathways, the glyoxylate cycle and the methylaspartate cycle (Oren and Gurevich, 1995; Serrano and Bonete, 2001; Ensign, 2011; Khomyakova et al., 2011) .
The glyoxylate cycle functioning in many bacteria, archaea and eukarya (but not in mammals) is a classical example of an anaplerotic pathway ( Figure 1a ; Kornberg and Krebs, 1957) . Its first key enzyme, isocitrate lyase, together with enzymes of the tricarboxylic acid cycle converts acetyl-CoA into glyoxylate. The second key enzyme, malate synthase, condenses glyoxylate and a second acetyl-CoA molecule to yield malate, which can then be used as starter molecule in biosynthesis. In the methylaspartate cycle, acetyl-CoA is transformed to glutamate via reactions of the tricarboxylic acid cycle and glutamate dehydrogenase. The rearrangement of glutamate into methylaspartate and its following deamination leads to mesaconate. Mesaconate is then activated to mesaconyl-CoA, which is hydrated to β-methylmalyl-CoA, and β-methylmalyl-CoA is finally cleaved to propionylCoA and glyoxylate. Propionyl-CoA carboxylation leads to methylmalonyl-CoA and subsequently to succinyl-CoA, thus closing the cycle, whereas the condensation of glyoxylate with another molecule of acetyl-CoA yields the final product of the methylaspartate cycle malate ( Figure 1b ; Khomyakova et al., 2011) . In total, two molecules of acetyl-CoA and one molecule of oxaloacetate are transformed to succinyl-CoA and malate. The emergence of both pathways in haloarchaea is probably a result of lateral gene transfer from bacteria. Haloarchaea using the glyoxylate cycle presumably acquired its key enzymes horizontally from bacteria (Serrano and Bonete, 2001) . Similarly, genes for the key enzymes of the methylaspartate cycle were probably derived via lateral gene transfer from bacteria, where they originally participated in different metabolic processes (Khomyakova et al., 2011) .
The emergence of two pathways for one and the same purpose in a phylogenetically and physiologically tight microbial group suggests the existence of an evolutionary pressure on haloarchaea selecting the species capable to assimilate compounds metabolized via acetyl-CoA. However, field studies showed that in salt lakes and salterns acetate can only be poorly utilized by haloarchaea with turnover times in the order of weeks to months (Oren, 1995) . Nevertheless, haloarchaea are known to accumulate substantial amounts of polyhydroxyalkanoate, whose utilization proceeds through acetyl-CoA and hence requires an anaplerotic pathway for acetylCoA assimilation. Importantly, polyhydroxyalkanoates were shown to be synthesized not only in laboratory cultures but also in natural conditions (Elevi Bardavid et al., 2008) . Therefore, the main function of an anaplerotic pathway in natural environments may be the assimilation of polyhydroxyalkanoate into cellular building blocks during carbon starvation rather than growth on a specific substrate. Interestingly, some haloarchaea possess genes for both cycles in the genome. This suggests the possibility that the pathways may be adapted to fulfill different functions.
The elucidation of the methylaspartate cycle was based on the combination of proteomics and enzyme activities measurements with the haloarchaeon Haloarcula marismortui (Khomyakova et al., 2011) . However, activity of its key enzyme, glutamate Figure 1 Anaplerotic pathways of acetyl-CoA assimilation functioning in haloarchaea. (a) The glyoxylate cycle and the tricarboxylic acid cycle (Kornberg and Krebs, 1957) ; (b) the methylasparate cycle (Khomyakova et al., 2011) . The key reactions of the anaplerotic pathways are shown in red. Note that the methylaspartate cycle is also tightly linked to the tricarboxylic acid cycle, as both cycles share enzymes converting succinyl-CoA to 2-oxoglutarate. The names of the genes encoding key enzymes of the methylaspartate cycle are shown: mamAB, glutamate mutase (hah_1337/hah_1338); mal, methylaspartate ammonia lyase (hah_1339); mct, mesaconate CoA-transferase (hah_1336); mch, mesaconyl-CoA hydratase (hah_1340); mcl, β-methylmalyl-CoA lyase (hah_1341).
Methylaspartate cycle in haloarchaea F Borjian et al mutase (composed of two subunits), could not be demonstrated in cells extracts of H. marismortui. This was explained by the notorious instability of this B 12 -dependent radical enzyme (Buckel et al., 1999; Khomyakova et al., 2011) . Among enzymes of the cycle, only β-methylmalyl-CoA lyase (encoded by mcl, see Figure 2 ) and apparent malate synthase (malyl-CoA lyase/thioesterase) were heterologously produced and biochemically characterized (Khomyakova et al., 2011) . The genes for glutamate mutase (mamAB) and methylaspartate ammonia lyase (mal) were highly similar to characterized bacterial homologs and could therefore be unambiguously identified in the genome. However, the tentative identification of succinyl-CoA:mesaconate CoA-transferase (further referred as mesaconate CoA-transferase, mct) and mesaconyl-CoA hydratase (mch) could not be experimentally confirmed. All attempts of their heterologous production resulted in the synthesis of insoluble proteins that could not be refolded in an active form (Khomyakova et al., 2011) , thus questioning the identification of the genes. Furthermore, the studies of the methylaspartate cycle in H. marismortui were hampered by the lack of a genetic system for this archaeon. Therefore, we decided to switch to H. hispanica, for which a gene deletion system is available (Liu et al., 2011a) to address these important open questions.
H. hispanica is capable to grow on acetate as a sole carbon source and possesses a gene cluster for the methylaspartate cycle enzymes, similar to H. marismortui (Figure 2 ; Juez et al., 1986; Liu et al., 2011b; Ding et al., 2014) . In this study, we used deletion mutants of H. hispanica to prove the participation of the key enzymes of the methylaspartate cycle in acetate assimilation. In particular, the involvement of glutamate mutase in this process could now be confirmed. Furthermore, we have confirmed the functioning of two previously unidentified genes as mesaconate CoA-transferase (mct) and mesaconylCoA hydratase (mch), which are crucial for the functioning of this cycle. Finally, we analyzed the distribution of the genes for the methylaspartate and glyoxylate cycles as well as genes involved in polyhydroxyalkanoate biosynthesis in sequenced haloarchaeal genomes. Based on this analysis, we hypothesize that the methylaspartate cycle represents a metabolic adaptation to the utilization of polyhydroxybutyrate during carbon starvation.
Materials and methods

Microbial strains and culture conditions
The strains used in this study are listed in Supplementary Table 1. H. hispanica strain ATCC 33960 was grown under aerobic conditions at 37°C in a 10-l flask using an air pump or in shaken 1-l flasks on a chemically defined medium (Kauri et al., 1990) with acetate (0.2%, w/v), pyruvate (0.2%) or acetate (0.2%) plus pyruvate (0.2%) as carbon sources. For the cultivation of the uracil auxotrophic (pyrF-deleted) strain DF60 (Liu et al., 2011a) 
Syntheses
Acetyl-CoA, propionyl-CoA and succinyl-CoA were synthesized from their anhydrides by the method explained by Simon and Shemin (1953) . β-Methylmalyl-CoA was synthesized enzymatically with recombinant (S)-malyl-CoA/β-methylmalyl-CoA/(S)-citramalyl-CoA lyase from Chloroflexus aurantiacus (Zarzycki et al., 2009) , as described previously (Sasikaran et al., 2014) . A mixture of mesaconyl-C1-CoA and mesaconyl-C4-CoA was synthesized chemically from the free acid by the mixed anhydride method of Stadtman (1957) . From this mixture, mesaconyl-C1-CoA was purified using highperformance liquid chromatography (Zarzycki et al., 2009) . The dry powders of the CoA-esters were stored at − 20°C.
Mutant construction and verification
The strains, plasmids and primers used for mutant construction and verification are listed in Supplementary Tables 1 and 2 . Mutant construction was performed using the pop-in/pop-out method Figure 2 Genomic region of Haloarcula marismortui and H. hispanica coding for the enzymes of the methylaspartate cycle (Baliga et al., 2004; Liu et al., 2011b Methylaspartate cycle in haloarchaea F Borjian et al described previously (Liu et al., 2011a) . The gene deletion mutants were selected by PCR verification and confirmed by sequence analysis. To complement the gene deletion mutants, the putative promoter sequence of hah_1336 (109-bp-upstream region of hah_1336) and the hah_1336, hah_1338, hah_1339 or hah_1340 genes were linked and inserted into the plasmid pWL502, resulting in the plasmids pWLHah1336, pWLHah1338, pWLHah1339 and pWLHah1340, which were transformed into the respective mutant strains. The transformation of H. hispanica was performed using the polyethylene glycol-mediated method (Cline et al., 1989) .
Preparation of cell extracts
Cell extracts were prepared under oxic conditions using a mixer-mill (MM200, Retsch, Haare, Germany). Cells (100-150 mg) were suspended in 0.5 ml of 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS)/KOH, pH 6.9, 0.1 mg ml − 1 DNase I and 0.5 mM dithiothreitol in 1.5 ml Eppendorf vials. Then, 1 g of glass beads (diameter 0.1-0.25 mm) was added to the suspension, and the cells were treated in the mixer-mill for 10 min at 30 Hz. This was followed by a centrifugation step (14 000 g, 4°C, 10 min), and the supernatant (cell extract) was used for enzyme assays.
Enzyme assays
Spectrophotometric enzyme assays (0.5 ml assay mixture) were performed aerobically in 0.5 ml cuvettes at 37°C. Reactions involving NAD(P)H were measured at 365 nm (ε NADH = 3.4 mM Bergmeyer, 1975) . Reactions with phenylhydrazine were measured at 324 nm (ε glyoxylate phenylhydrazone = 17 mM − 1 cm − 1 ; Herter et al., 2001) . Reactions with 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) were measured at 412 nm (ε DTNBCoA = 14.2 mM − 1 cm − 1 ; Riddles et al., 1983) . Citrate synthase and malate synthase activities were detected spectrophotometrically as oxaloacetate-and glyoxylate-dependent release of CoA from acetyl-CoA with DTNB, isocitrate dehydrogenase activity as isocitrate-dependent reduction of NAD (P) + , isocitrate lyase activity by monitoring glyoxylate formation from isocitrate with phenylhydrazine, crotonyl-CoA carboxylase/reductase and malonyl-CoA reductase activities as crotonyl-CoAand malonyl-CoA-dependent NAD(P)H oxidation, and glutamate dehydrogenase as 2-oxoglutaratedependent NAD(P)H oxidation, as described previously (Khomyakova et al., 2011) . Methylaspartate ammonia lyase and glutamate mutase were measured with high-performance liquid chromatography according to a previously published procedure (Khomyakova et al., 2011) .
Mesaconate:succinyl-CoA CoA-transferase activity was measured by ultra-performance liquid chromatography (UPLC) as succinyl-CoA-and mesaconate-dependent formation of mesaconylCoA (and the products of its further conversion, β-methylmalyl-CoA and propionyl-CoA). The reaction mixture contained 100 mM Tris/HCl (pH 7.8), 3 M KCl, 5 mM MgCl 2 , 3.5 mM phenylhydrazine, succinyl-CoA (1 mM) and cell extract. The reaction was started by the addition of 10 mM mesaconate. After appropriate time intervals, 25 μl of the assay mixture was transferred to ice and stopped by addition of 5 μl of 1 M HCl. Protein was removed by centrifugation, and the samples were analyzed by reverse-phase (RP) C 18 UPLC.
Mesaconyl-CoA hydratase was measured either in forward or reverse direction by the formation of β-methylmalyl-CoA (and propionyl-CoA) from mesaconyl-C1-CoA or mesaconyl-C1-CoA from β-methylmalyl-CoA, respectively. For the measurement in the forward direction, the reaction mixture contained 100 mM MOPS/KOH (pH 7.0), 3 M KCl, 5 mM MgCl 2 , 3.5 mM phenylhydrazine, 0.5 mM mesaconyl-C1-CoA and cell extract. For the measurement in the reverse direction, phenylhydrazine was omitted from the mixture, and mesaconyl-C1-CoA was replaced by β-methylmalyl-CoA (0.5 mM). The reaction was started by the addition of CoA-ester and stopped as described above. The products were analyzed by RP-C 18 UPLC.
β-Methylmalyl-CoA lyase was measured either in forward or reverse direction by the formation of propionyl-CoA from β-methylmalyl-CoA or β-methylmalyl-CoA from propionyl-CoA and glyoxylate, respectively. For the measurement in the forward direction, the reaction mixture contained 100 mM MOPS/KOH (pH 7.0), 3 M KCl, 5 mM MgCl 2 , 3.5 mM phenylhydrazine, 0.5 mM β-methylmalyl-CoA and cell extract. For the measurement in the reverse direction, the reaction mixture contained 100 mM MOPS/KOH (pH 7.0), 3 M KCl, 5 mM MgCl 2 , 1 mM propionyl-CoA, 10 mM glyoxylate and cell extract. The reaction was started by the addition of CoA-ester and stopped after appropriate time intervals, as described above. The products were analyzed by RP-C 18 UPLC.
Propionyl-CoA carboxylase was measured as propionyl-CoA-dependent formation of methylmalonyl-CoA in the reaction mixture containing 100 mM Tris/HCl (pH 7.8), 5 mM dithiothreitol, 3 M KCl, 5 mM MgCl 2 , 3 mM ATP, 15 mM NaHCO 3 , 1 mM propionyl-CoA and cell extract. The reaction was stopped after appropriate time intervals, as described above, and the products were analyzed by RP-C 18 UPLC.
Mesaconate and succinyl-CoA conversion to propionylCoA and glyoxylate The reaction mixture contained 100 mM MOPS/ KOH (pH 7.0), 3 M KCl, 5 mM MgCl 2 , 3.5 mM phenylhydrazine, 2 mM succinyl-CoA, 10 mM mesaconate and cell extract. In a control, mesaconate was omitted. The reaction was stopped at appropriate time points by transferring 25 μl of the mixture to 5 μl 1 M HCl, protein was removed by centrifugation and samples were analyzed by RP-C 18 UPLC.
Determination of glutamate and mesaconate concentrations in the cytoplasm of H. hispanica Glutamate concentration was determined, as described previously (Khomyakova et al., 2011) . For the determination of intracellular mesaconate concentration, 100 mg of the cells were dissolved in 400 μl of distilled water with traces of DNase I and vortexed for 20 min. After 1 h incubation at room temperature, cell lysates were centrifuged 15 min at 14 000 g (4°C). The mesaconate concentration in supernatant was determined using the Aminex HPX-87H ion exclusion column high-performance liquid chromatography, and the obtained values were correlated with the volume of cytoplasm based on the assumption that 0.5 g protein in the sample corresponds to 1 g of dry cell weight and to 2 ml of free water in the cytoplasm (Khomyakova et al., 2011) .
Database search and phylogenetic analysis Query sequences were obtained from the National Center for Biotechnology Information database. The BLAST searches were performed via National Center for Biotechnology Information BLAST server (http://www.ncbi.nlm.nih.gov/BLAST/; Altschul et al., 1990) . The amino-acid sequences were aligned with sequences from GenBank using CLUSTALW (Thompson et al., 1994) implemented within BioEdit software (http://www.mbio.ncsu.edu/BioEdit/bioe dit.html). The phylogenetic tree was reconstructed using a maximum likelihood algorithm (Felsenstein, 1981) in the MEGA6 program (Tamura et al., 2013) . 1000 bootstrap replication were conducted to evaluate the reliabilities of the reconstructed trees.
The GenBank accession numbers for the RNA polymerase subunit B' and PhaC protein sequences are listed in Supplementary Tables 3 and 4. Other methods CoA and CoA-esters were identified and quantified by UPLC using a reversed phase C 18 column (BEH C18, 1.7 μm, 2.1 × 100 mm column, Waters, Eschborn, Germany), as described in Sasikaran et al. (2014) . In vivo specific carbon fixation rate of H. hispanica was calculated from the generation time of the culture, as described previously (Sasikaran et al., 2014) . Protein was measured according to the Bradford method (Bradford, 1976) , using bovine serum albumin as a standard. DNA sequence determination was performed by GATC Biotech (Constance, Germany) and Thermo Fisher Scientific-Invitrogen (Beijing, China).
Results
Acetate assimilation in wild-type H. hispanica cells H. hispanica grew on media with acetate as a sole carbon source with a generation time of 24 h, which corresponds to a specific growth rate of 0.029 h − 1 and a specific carbon assimilation rate of 37.5 nmol min
protein. Because one C 4 -compound is synthesized from two acetyl-CoA molecules in the methylaspartate cycle (Figure 1) , the minimal in vivo specific activity of enzymes of the cycle is 9.4 nmol min − 1 mg − 1 protein. As a part of cellular carbon is synthesized directly from acetylCoA and is not generated in an anaplerotic pathway, the actual minimal in vivo specific activity of enzymes of the cycle is even slightly lower.
The results of enzyme assays confirmed the absence of the key enzymes of the glyoxylate cycle (isocitrate lyase), of the ethylmalonyl-CoA pathway protein, when succinyl-CoA was added as a CoA donor (Figure 3 ). In this conversion, the intermediary formation of the postulated intermediates mesaconyl-CoA and β-methylmalyl-CoA was observed. Therefore, not only the activities of the single enzymes responsible for mesaconate conversion to propionyl-CoA and glyoxylate but also the whole reaction sequence could be demonstrated in vitro.
The functioning of the methylaspartate cycle requires a high intracellular concentration of glutamate (Khomyakova et al., 2011) . The reasons for that are the unfavorable equilibrium of glutamate mutase reaction (that is, on the side of the substrate glutamate) and the low affinity of methylaspartate ammonia lyase for methylaspartate. Indeed, the cytoplasmic glutamate concentration in H. hispanica was 153 ± 66 and 155 ± 88 mM for acetate-and pyruvate-grown cells, respectively. Therefore, the methylaspartate cycle appears to be a glutamate overflow mechanism: it functions only at glutamate concentrations, which exceed a certain threshold signalizing the availability of nitrogen and energy to perform anabolic reactions (see Discussion).
Experiments with H. hispanica gene deletion mutants
To study genes involved in the methylaspartate cycle, we made pop-in/pop-out deletions of four genes (Figure 2) : one of the two glutamate mutase genes mamB (Δhah_1338 strain), methylaspartate ammonia lyase gene mal (Δhah_1339 strain), putative mesaconate CoA-transferase gene mct (Δhah_1336 strain) and mesaconyl-CoA hydratase gene mch (Δhah_1340 strain). All mutants grew with pyruvate and pyruvate plus acetate. However, none of these strains was capable to grow in the medium containing acetate as the only carbon source (Figure 4) . Complementation of these mutant strains with the corresponding genes under control of the native promoter of hah_1336 gene (its 109-bpupstream region) using a plasmid pWL502 restored the growth on acetate (Supplementary Figure 1) , thus confirming the absence of polar effect on the expression of the adjacent genes. These results showed that these four characteristic enzymes are indeed vital for the functioning of the postulated methylaspartate cycle.
To confirm the function of the disrupted genes, we decided to measure the enzymes of the methylaspartate cycle in the mutants. However, the wild-type strain synthesized enzymes of the cycle only during growth on acetate in the absence of a second substrate (Table 1) , and the mutants did not grow on the medium with acetate as a single-carbon source. To overcome these obstacles, we grew the cells on pyruvate, and then harvested, washed and incubated them in acetate medium. Using this approach, we were able to detect activities of the methylaspartate cycle enzymes in both wild-type Table 2 ). The activity of the methylaspartate ammonia lyase was not detected in the corresponding mutant (Δmal), thus supporting the function of the respective gene product. The activities of other enzymes of the cycle were detected in this mutant, implying the absence of a polar effect of the mutation on the other genes. A similar phenotype was observed for the Δhah_1336 and Δhah_1340 mutants. In these mutant strains, only the activities of mesaconate Figure 4 Growth of Haloarcula hispanica wild-type strain (a), ΔmamB (Δhah_1338) (b), Δmal (Δhah_1339) (c), Δmct (Δhah_1336) (d), Δmch (Δhah_1340) (e) on the medium with acetate (■), pyruvate (◆) or acetate and pyruvate (•). The experiment was done in triplicate, the error bars represent the standard deviations. Note that the mutants did not grow on the medium with acetate alone even after 21 days of incubation. The Δmct mutant grows slowly on the medium with pyruvate compared with the wild-type strain. The reason for that is unknown. 9.5 ± 0.4 6.7 ± 2.0 3.5 ± 0.4 5.3 ± 0.9 4.5 ± 0.4
The cells were grown on the medium with pyruvate, harvested, resuspended and incubated in the medium with acetate as a sole carbon source. The data are mean values and deviations of at least three independent enzyme assays.
a Reaction was measured in the reverse direction.
b Reaction was measured in the forward direction.
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CoA-transferase (Δhah_1336) and mesaconyl-CoA hydratase (Δhah_1340) were missing (Table 2) . This allows the unambiguous identification of these genes as a mesaconate CoA-transferase (hah_1336, mct) and a mesaconyl-CoA hydratase (hah_1340, mch) of the methylaspartate cycle.
Further evidence for the operation of the methylaspartate cycle in H. hispanica was provided by the analysis of the metabolite concentrations in pyruvate-grown cells incubated in acetate medium. Mesaconate, a specific intermediate of the methylaspartate cycle, was detected in the wild-type (DF60) cells, whereas this compound was not detected in the glutamate mutase (ΔmamB) and methylaspartate ammonia lyase (Δmal) mutants (Table 3 ). These data confirm that H. hispanica synthesizes mesaconate from glutamate via methylaspartate, even though the activity of the key enzyme of this conversion, glutamate mutase, was not be measured in cell extracts, probably due to its instability. On the contrary, the mesaconate CoA-transferase and mesaconyl-CoA hydratase mutants accumulated large amounts of mesaconate in the cells (Table 3) . This suggests that further metabolism of mesaconate is blocked in Δmct (Δhah_1336) and Δmch (Δhah_1340) strains, additionally proving the identification of Hah_1336 and Hah_1340. As the methylaspartate cycle is the only known haloarchaeal metabolic pathway with mesaconate as an intermediate, this observation strongly supports the operation of the cycle in vivo. Glutamate levels were lower in all mutants compared with the wild-type strain (Table 3) , reflecting the requirement of a functional anaplerotic pathway to synthesize glutamate and to maintain its pool (and the pools of other cellular building blocks).
Distribution of the genes for the methylaspartate and glyoxylate cycles in haloarchaea In addition to verifying experimentally the functioning of the methylaspartate cycle in haloarchaea, we were also able to prove experimentally the identity of all genes for key enzymes of the cycle. Using this information, we analyzed the distribution of the genes for the methylaspartate and glyoxylate cycles in the genomes of 102 sequenced species. The full set of the genes for the methylaspartate cycle was found in the genomes of 42 species of haloarchaea (41%), whereas isocitrate lyase and malate synthase genes were found in 56 haloarchaeal genomes (55%; Figure 5 ). Three haloarchaea (Natrialba magadii, N. chahannaoensis and Natronolimnobius innermongolicus) possess genes for both pathways. Interestingly, the distribution of these two acetate assimilation pathways fits well to the current taxonomy of haloarchaea (class Halobacteria): the methylaspartate cycle is used by the representatives of the order Natrialbales, whereas the glyoxylate cycle is present in Haloferacales (Figure 5 ). Although most of Halobacteriales possess the glyoxylate cycle, the representatives of Haloarcula/Halomicrobium group use the methylaspartate cycle for acetyl-CoA assimilation.
The presence of the methylaspartate cycle often coincides with the capability of haloarchaea to synthesize polyhydroxyalkanoates. 83% of the species using the methylaspartate cycle possess also polyhydroxyalkanoate synthase (Han et al., 2010) and are thus probably capable to synthesize polyhydroxyalkanoates. In contrast, only 34% of the species with the glyoxylate cycle have the genetic potential to synthesize this storage material (Figures 5 and 6 ). These data suggest a correlation between the capability to accumulate polyhydroxyalkanoates and the choice of the acetate assimilation pathway. Note that the phylogenetic tree of the polyhydroxyalkanoate synthase PhaC (Supplementary Figure 2) correlates well with the RNA polymerase subunit B' tree ( Figure 5 ), thus implying that the ancestors of all three orders possessed polyhydroxyalkanoates synthase genes and that these genes were transferred mainly vertically in haloarchaea.
Discussion
This work evidences the functioning of the methylaspartate cycle in Haloarcula using enzyme assays and studies of deletion mutants of key genes of the pathway. We have shown the presence of the enzymes of the cycle in the wild-type H. hispanica cells, the failure of the mutants to grow with acetate as the sole carbon source, and the accumulation of the specific intermediate of the cycle, mesaconate, if the reactions after mesaconate formation are blocked. The distinct growth phenotype of the glutamate mutase mutant clearly shows the involvement of this enzyme in acetate assimilation, even though we could not measure the activity of this enzyme in haloarchaea. Furthermore, by incubating the mutants in the presence of acetate and measuring the activities of the enzymes of the cycle, we could confirm the identification of the genes for mesaconate CoA-transferase and mesaconyl-CoA hydratase. The prior preliminary identification of these genes did not have an experimental support and was based The cells were grown on the medium with pyruvate, harvested, resuspended and incubated in the medium with acetate as a sole carbon source. The data are mean values and standard deviations of two independent assays (done in duplicate).
only on their co-localization in the genome with the genes for glutamate mutase, methylaspartate ammonia lyase and β-methylmalyl-CoA lyase of the cycle and relied on their putative general functions (CoAtransferase, enoyl-CoA hydratase).
The analysis of the genomes of the sequenced haloarchaea for the genes of the methylaspartate cycle shows that this is a widespread and successful strategy of acetyl-CoA assimilation in this archaeal group ( Figure 5 ). Haloarchaea have recently been separated into three orders, namely Halobacteriales, Haloferacales and Natrialbales (Gupta et al., 2014) .
The methylaspartate cycle is distributed among Natrialbales and some Halobacteriales, whereas most of the Haloferacales and Halobacteriales possess the glyoxylate cycle ( Figure 5 ). The genome of one species of Haloferacales (Halogranum salarium) encodes the methylaspartate cycle genes, and three species of Natrialbales possess the genes for the glyoxylate cycle in addition to those of the methylaspartate cycle. This may be explained by the ability of haloarchaea to frequently exchange DNA between species, thus disrupting co-evolution of the genes and complicating the evolutionary history of Figure 5 Phylogeny of the class Halobacteria based on the analysis of RNA polymerase subunit B' (RpoB') protein sequences. The tree shows the pattern of characteristic enzymes involved in haloarchaeal carbon metabolism (according to the data of the genome analysis), that is, the presence of the characteristic enzymes of the glyoxylate cycle (isocitrate lyase) and of the methylaspartate cycle (glutamate mutase, methylaspartate ammonia lyase, succinyl-CoA:mesaconate CoA-transferase, mesaconyl-CoA hydratase and β-methylmalyl-CoA lyase) as well as of the homologs of haloarchaeal polyhydroxyalkanoate synthase (Han et al., 2010) . Growth on the substrates metabolized via acetyl-CoA (acetate, fatty acids, tween, leucine and/or lysine) is according to descriptions of the corresponding strains/species. Numbers at nodes indicate the percentage bootstrap values for the clade of this group in 1000 replications. The branches with the values below 50% are drawn as unresolved. The accession numbers of the sequences used for the construction of the tree are listed in Supplementary Table 3 .
Methylaspartate cycle in haloarchaea F Borjian et al this group (Williams et al., 2012; DeMaere et al., 2013) . Interestingly, the representatives of the genus Halobacterium possess only glutamate mutase and methylaspartate ammonia lyase genes, although the genes for other key enzymes of the methylaspartate cycle are missing. They probably use the corresponding enzymes for the utilization of glutamate (Falb et al., 2008) . The genome analysis suggests that the usage of the methylaspartate cycle often correlates with the capability to synthesize polyhydroxyalkanoates, whereas the haloarchaea using the glyoxylate cycle are often incapable to synthesize this storage material ( Figure 6 ). How could this be explained? What are the differences between the glyoxylate and methylaspartate cycles in this respect? Bacteria using the glyoxylate cycle for acetyl-CoA assimilation should find a way to separate the fluxes between the glyoxylate cycle and the tricarboxylic acid cycle. Isocitrate, the intermediate at the branch point of these two cycles, can react either with isocitrate dehydrogenase leading into the energyproducing steps of the tricarboxylic acid cycle, or with isocitrate lyase (Figure 1a ). This means that isocitrate lyase and isocitrate dehydrogenase directly compete for isocitrate. The kinetic parameters of isocitrate dehydrogenase are normally better than those of isocitrate lyase: for example, the Haloferax volcanii enzymes have the K m value to isocitrate of 0.13 and 1.16 mM, respectively (Camacho et al., 1995; Serrano et al., 1998) . Therefore, the functioning of isocitrate lyase in the presence of isocitrate dehydrogenase requires a large pool of isocitrate, overproduction of isocitrate lyase, or complicated regulation mechanisms controlling isocitrate dehydrogenase activity like, for example, phosphorylation in enterobacteria (El-Mansi et al., 1994; Cozzone and El-Mansi, 2005) . Alternatives are synthesis of different isoforms of isocitrate dehydrogenase with different kinetic constants, depending on conditions (Reeves et al., 1983 (Reeves et al., , 1986 Banerjee et al., 2005) , or eukaryotic-specific mechanism of spatial separation of the glyoxylate and tricarboxylic acid cycles, like it happens in glyoxysomes of fungi and plants (Graham, 2008; Strijbis and Distel, 2010) . However, these mechanisms are not functional in haloarchaea, and accumulation of large amount of isocitrate or isocitrate lyase is possible only in actively growing culture. Therefore, the glyoxylate cycle may not represent an appropriate pathway for assimilation of polyhydroxyalkanoates in carbon starvation conditions.
The methylaspartate cycle branches off the tricarboxylic acid cycle on the level of 2-oxoglutarate ( Figure 1b) . 2-Oxoglutarate is converted to glutamate, which is the dominant carrier of amino groups in metabolism. The rate of this conversion depends on ammonium availability and energy supply (Leigh and Dodsworth, 2007) , thus turning on the methylaspartate cycle under conditions when anabolism is desirable and carbon needs to be supplied for biosynthesis. It allows the separation of the flows of the methylaspartate and tricarboxylic acid cycles, thus preventing the competition between these two cycles for intermediates. Therefore, the methylaspartate cycle is well adapted for the assimilation of acetyl-CoA produced from the internal carbon storage during carbon starvation (Figure 1 ). This feature is especially important for haloarchaea living under conditions of frequent starvation periods and intermittently occurring blooms when the biomass (and storage compounds) are produced (Oren, 2002) . Therefore, we hypothesize that the methylaspartate cycle is a preferential strategy for haloarchaea that should rely on assimilation of storage compounds in their natural habitats. However, this hypothesis requires further experimental support.
Glutamate concentration in actively growing Haloarcula cells was shown to be as high as 26 mM (in H. marismortui, Khomyakova et al., 2011 ) and 150 mM (in H. hispanica, this work), whereas acetategrown Haloferax volcanii possesses only 6 mM glutamate in its cytoplasm (Khomyakova et al., 2011) . Although accumulation of high concentrations of KCl is the main strategy used by haloarchaea to balance their cytoplasm osmotically with their medium (Oren, 2002) , high intracellular glutamate concentration may be advantageous for a halophilic organism. Indeed, glutamate is a well-known osmolyte used by many halophiles (Oren, 2002) and is the precursor for the intracellular antioxidant γ-glutamylcystein used by haloarchaea (Malki et al., 2009) .
Haloarchaea have been shown to synthesize a co-polymer, poly(3-hydroxybutyrate-co-3-hydroxyvalerate), rather than a homopolymer polyhydroxybutyrate (Han et al., 2009; Quillaguamán et al., 2010) . Degradation of this co-polymer leads to the formation of acetyl-CoA and propionyl-CoA, and the methylaspartate cycle allows the co-assimilation of these two compounds. This is an important feature of the cycle, as propionyl-CoA inhibits several enzymes of the central metabolism (Brock and Buckel, 2004 ; Figure 6 Diagram with the distribution of genes for the pathways of acetate assimilation and haloarchaeal polyhydroxyalkanoate synthase (dotted part of each sector) in sequenced haloarchaeal genomes.
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